Layer-specific neurophysiologic, hemodynamic, and metabolic measurements are needed to interpret high-resolution functional magnetic resonance imaging (fMRI) data in the cerebral cortex. We examined how neurovascular and neurometabolic couplings vary vertically in the rat's somatosensory cortex. During sensory stimulation we measured dynamic layer-specific responses of local field potential (LFP) and multiunit activity (MUA) as well as blood oxygenation level-dependent (BOLD) signal and cerebral blood volume (CBV) and blood flow (CBF), which in turn were used to calculate changes in oxidative metabolism (CMR O2 ) with calibrated fMRI. Both BOLD signal and CBV decreased from superficial to deep laminae, but these responses were not well correlated with either layer-specific LFP or MUA. However, CBF changes were quite stable across laminae, similar to LFP. However, changes in CMR O2 and MUA varied across cortex in a correlated manner and both were reduced in superficial lamina. These results lay the framework for quantitative neuroimaging across cortical laminae with calibrated fMRI methods.
Layer-specific neurophysiologic, hemodynamic, and metabolic measurements are needed to interpret high-resolution functional magnetic resonance imaging (fMRI) data in the cerebral cortex. We examined how neurovascular and neurometabolic couplings vary vertically in the rat's somatosensory cortex. During sensory stimulation we measured dynamic layer-specific responses of local field potential (LFP) and multiunit activity (MUA) as well as blood oxygenation level-dependent (BOLD) signal and cerebral blood volume (CBV) and blood flow (CBF), which in turn were used to calculate changes in oxidative metabolism (CMR O2 ) with calibrated fMRI. Both BOLD signal and CBV decreased from superficial to deep laminae, but these responses were not well correlated with either layer-specific LFP or MUA. However, CBF changes were quite stable across laminae, similar to LFP. However, changes in CMR O2 and MUA varied across cortex in a correlated manner and both were reduced in superficial lamina. These results lay the framework for quantitative neuroimaging across cortical laminae with calibrated fMRI methods.
spike rate | electroencephalography | glutamate | neuroenergetics | lactate T he most recognizable features of the cerebral cortex across phyla are the layers (i.e., laminae) representing different cell types that project and connect to create networks, both in the horizontal and vertical directions of the cortex (1) . Functional MRI (fMRI) with high-field magnets has been used to image this complex heterogeneous system of connections across cortical laminae. Given the complexity of the blood oxygenation leveldependent (BOLD) signal (2) , quantitative assessment of neurophysiologic, hemodynamic, and metabolic responses across cortical laminae is needed to interpret high-resolution fMRI data in terms of neural activity. Because synaptic density (1) and commensurate electrical and chemical activities vary across cortical layers (3, 4) , it is hypothesized that hemodynamic and metabolic responses would also vary. However, there are limited results on layer-specific variations in these parameters.
High magnetic fields have improved BOLD sensitivity and specificity (5) , whereas other MRI developments have allowed cerebral blood volume (CBV) and flow (CBF) measurements to calibrate fMRI signal so that changes in cerebral metabolic rate of oxygen consumption (CMR O2 ) can be calculated with a biophysical model of BOLD (6) . These multimodal fMRI techniques in conjunction with other related magnetic resonance spectroscopy methods have allowed quantitative insights into the molecular and cellular bases of neurovascular and neurometabolic couplings (7) .
In vivo recordings of neural activity with metal microelectrodes depict fluctuations of extracellular voltage, where the high-and low-frequency components, respectively, reflect multiunit activity (MUA) and local field potential (LFP) in a region (8) . MUA is believed to reflect the output spiking activity of an ensemble of neurons because it reveals action potentials of large pyramidal neurons, whereas LFP reflects the synaptic input of a particular region because it depicts the weighted sum of changing membrane potentials along dendritic branches and soma (9, 10) .
To interpret the functional organization of the mammalian cerebral cortex from high-resolution fMRI data, the relation of the BOLD signal to underlying neural activities and hemodynamic or metabolic responses is needed at the laminar level. Although many animal studies have contributed to our knowledge about fMRI and its relation to multimodal functional responses (9) (10) (11) (12) (13) (14) (15) (16) , these past reports have focused primarily on dynamic correlations of signals in a specific cortical region. Here we measured the degree to which neurovascular and neurometabolic couplings vary in the vertical direction of the rat's primary somatosensory cortex. Briefly, our results show that during sensory stimulation transcortical BOLD and CBV response patterns are uncoupled with both neural activity measures across cortical laminae, whereas neurometabolic coupling of MUA vs. CMR O2 and neurovascular coupling of LFP vs. CBF have different spatial distributions in the superficial lamina.
Results
During forepaw stimulation in the rat we measured dynamic responses of BOLD, CBV, and CBF at 11.7 T with different fMRI methods and then combined these data to calibrate the fMRI signal to calculate changes of CMR O2 (Eq. 1). Both BOLD and CBV were measured by gradient-echo contrast with 1-s temporal resolution. Spin-echo contrast, which has slightly different BOLD origins (17), was not used because of its lower contrast-to-noise ratio and because most prior neurophysiological bases of fMRI used the gradient-echo BOLD signal (9, 10) . Although both gradient echo and spin echo have BOLD sensitivity, the difference between the transverse relaxation rates with gradient echo (R 2 *) and spin echo (R 2 ) shows that gradient echo has the largest BOLD component (i.e., R 2 ′ = R 2 *− R 2 ) (18) . CBV was measured with ferumoxtran, a plasma-borne intravascular paramagnetic contrast agent (19) . CBF was recorded inside the magnet by arterial spin labeling (ASL) and on the bench by laser Doppler flowmetry (LDF). Because CBF measured by MRI had poorer temporal resolution (i.e., 10 s) compared with BOLD and/or CBV, we used the ASL data for spatial mapping of CBF and the LDF data for dynamic representation of CBF by scaling the laminar optical signals to the magnitude of the MRI-measured laminar responses (10, 19) . The LDF probe was used in conjunction with high-impedance microelectrodes to record LFP and MUA simultaneously with CBF (10) . The multimodal fMRI data had sufficient spatial resolution to separate the somatosensory cortex into several
Significance
This work challenges the notion that conventional functional magnetic resonance imaging (fMRI), that is, blood oxygenation level-dependent signal alone, can accurately reflect laminar neural activity. Instead, we show that calibrated fMRI methods for metabolic and hemodynamic measurements can better reflect laminar neuronal activities.
nonoverlapping voxels located vertically along the forepaw area (i.e., upper, middle, and lower segments), whereas we used electrical/LDF data from three distinct but similarly sized segments, each with a thickness of ∼0.6 mm (Materials and Methods).
Electrical and Multimodal fMRI Recordings Across Laminae. The averaged multimodal functional responses across different lamina from the contralateral somatosensory cortex during 30 s of forepaw stimulation are summarized in Fig. 1 . For each modality, we first examine dynamic temporal patterns and then compare magnitudes across laminae.
The modality-specific response rise times and decay times of the fMRI data across cortical laminae are shown in Table S1 (one-way ANOVA). The rise-time constants for the multimodal fMRI signals (i.e., CBF < CBV < BOLD) were in good agreement with prior rat studies (20) (21) (22) (23) (24) (25) (26) . In comparison with the fMRI data, the electrical data showed much faster transitions. For both MUA and LFP, the laminar neural changes were immediate following stimulation onset and offset ( Fig. 1 E and F) . However, immediately after stimulation onset an initial peak was observed that plateaued within a few seconds to roughly half of the initial peak at steady state. The neural data had quite typical time courses (9, 10, 16) .
For BOLD, in relation to the response from the middle segment, the responses from upper and lower segments were 53% more and 33% less, respectively (Fig. 1A) . The CBV responses were somewhat similar. In relation to the CBV response from the middle segment, the CBV responses from upper and lower segments were 11% more and 56% less, respectively (Fig. 1B) . However, the CBF responses had a slight response attenuation from upper to lower segments, varying by at most 5-10% from upper to lower segments, where similar laminar flow distributions were observed with optical and MRI measurements (Fig. 1C) . The spatial representation of CMR O2 was quite different from the patterns of BOLD, CBV, and CBF data (Fig. 1D) . In relation to the CMR O2 response from the middle segment, the CMR O2 responses from upper and lower segments were 31% less and 10% more, respectively. The calculation of CMR O2 changes was based on laminar patterns of BOLD, CBV, and CBF responses as well as the baseline BOLD signal as signified by the parameter M in Eq. 1 and assumptions about whether the CBV changes occurred in the venous vs. arterial compartment (27) . The baseline BOLD signal, as measured by R 2 ′ (Materials and Methods), in well-shimmed rat brain was measured to be quite homogenous in the somatosensory cortex (Fig. S1A) . Current assumptions about BOLD signal are that the oxygenation and volume changes primarily occur at the venous end (2, 6, 27) . However, the trend of the laminar CMR O2 changes is minimally affected whether the CBV changes occurred in the venous or arterial compartment (Fig. S1B) or when M was allowed to vary by ±25% from the measured value (Fig.  S1C) . The neural responses as reflected by MUA and LFP were, respectively, similar to CMR O2 and CBF. The MUA responses from the middle and lower segments were within 2% of each other, whereas the MUA response from the upper segment was 35% less (Fig. 1E ). Similar to CBF, the LFP responses from all cortical segments were quite analogous (Fig. 1F ), but with a slight peak in the middle segment. Although the spatial distributions of the multimodal fMRI responses are generally in reasonable agreement with past findings in the rat (20) (21) (22) (23) (24) (25) (26) , particulars of these functional responses are examined further below (Discussion).
Laminar Functional Responses. The laminar neurovascular and neurometabolic couplings from functional responses are summarized in Fig. 2 , Table S2 , and Fig. S2 . In the absolute scale the smallest and largest response magnitudes were observed with BOLD/CBV and CBF, respectively, whereas CMR O2 , LFP, and MUA all had approximately similar scales (Fig. 1) . The laminar variations became more apparent when the functional responses were normalized with respect to the response from the middle segment (Fig. 2) .
Both BOLD and CBV responses decreased from superficial to deep lamina. The BOLD laminar responses decreased by about 33% from upper to middle to lower segments, whereas the CBV laminar response decreased by more than 50% from upper/ middle to lower segments. Neither of the neural responses from different layers behaved like the laminar responses for BOLD and CBV. The MUA laminar response in the upper layer response was less than 50% of responses from middle/lower segments. However, the LFP response in the middle segment peaked slightly above the other layers. The CBF and LFP patterns were analogous to each other, whereas the CMR O2 and MUA patterns were quite comparable as well. Thus, spatial coupling was observed between CMR O2 vs. CBF and MUA vs. LFP for the majority of the cerebral cortex (i.e., middle and lower segments). (Table S1 ). BOLD responses decreased from upper to middle to lower segments. (B) CBV responses (n = 12), similar to BOLD but measured with a plasma-borne contrast agent, showed slower signal decays compared with BOLD (Table S1 ). CBV responses reduced from upper/middle to lower segments also. (C) CBF responses (n = 32), measured respectively with ASL and LDF for spatial and dynamic representations, showed faster initial signal decays compared with BOLD and CBV (Table S1 ). CBF responses were generally uniform across layers, but with a tendency to decrease from upper to middle to lower segments. (D) CMR O2 responses, calculated by calibrated fMRI (Eq. 1 and Fig. S1 ), showed variable spatial and dynamic patterns compared with BOLD, CBV, and CBF data (Table  S1 ). CMR O2 responses were smallest in the upper segment but similar in middle and lower segments. The SEM of CMR O2 was calculated by Monte-Carlo simulation. (E) MUA responses (n = 32), measured by high-impedance microelectrodes, showed an initial peak immediately after stimulation onset and plateaued within 2-3 s. MUA responses were smallest in the upper segment but similar in middle and lower segments. (F) LFP responses (n = 32) measured simultaneously with the MUA showed an initial peak similar to the MUA data, but the LFP responses were somewhat uniform across layers, but with a slight peak in the middle segment. Fig. 2 gives details on statistical significance.
The only discrepancy between MUA vs. LFP and CMR O2 vs. CBF was in the upper segment.
These similarities/differences of laminar responses for the different modalities were inspected further by a linear regression analysis by plotting the respective data points of response time course from one layer vs. another layer (Fig. S2) . The slope of the regressions from all three permutations of segment comparisons (i.e., upper vs. middle, upper vs. lower, middle vs. lower) is shown in Table S2 , where a slope of close to 1 (i.e., line of identity) suggested agreement between the two layer-specific responses. Both LFP and CBF showed good correspondence of responses across all layers. However, MUA and CMR O2 displayed respectable similarity of responses between middle and lower segments. The BOLD responses showed no resemblance of responses across layers and thus were completely uncoupled from either neural response. Although the CBV responses behaved generally similar to the BOLD responses, because of minimal difference between CBV responses in the upper and middle segments (Fig. 1B) the CBV exhibited similar responses between the upper vs. middle layers.
Laminar Transfer Functions. Transfer functions (h X ) establish a mathematical connection between input and output signals of a given system. In physiological modeling the transfer function between neural signals and the resulting hemodynamic or metabolic changes mathematically characterizes the neurovascular or neurometabolic couplings. We compared laminar transfer functions to emphasize the temporal relations of metabolic/hemodynamic signals with the underlying neural activity. We applied a convolution analysis to calculate layer-specific transfer functions for BOLD, CBV, and CBF with either neural response as the input (SI Materials and Methods). The CMR O2 transfer functions were based on the BOLD, CBV, and CBF transfer functions (i.e., with Eq. 1). The laminar neurovascular and neurometabolic couplings from transfer functions are shown in Table S3 and Figs. S3 and S4.
With laminar MUA as the input (Fig. S3A, Top) , the layerspecific transfer functions for BOLD and CBV showed that the impulse peaks decrease significantly from upper to middle to lower segments, where the greatest drop-off was between upper and middle segments. However, laminar transfer functions for CBF and CMR O2 showed negligible differences of the impulse peaks in middle and lower segments, whereas the impulse peaks of the upper segment were much larger than the impulse peaks of the other segments. In comparison, all transfer functions with laminar LFP as the input had much smaller impulse peaks (Fig.  S3A, Bottom) . The laminar transfer functions with layer-specific LFP seemed quite similar to the laminar transfer functions with layer-specific MUA. The basic features of the transfer functions for the multimodal responses are in good agreement with prior studies spanning various species (9, 10, 16) .
We also conducted a correlation of the transfer functions (Fig.  S3B) . Table S3 , where a slope of close to 1 (i.e., line of identity) indicated correspondence between the two layer-specific transfer functions. Whereas the regression values for correlation between layer-specific transfer functions for every modality are summarized in Table S3 and Fig. S3B , the main highlights of laminar neurovascular (i.e., LFP vs. CBF) and neurometabolic (i.e., MUA vs. CMR O2 ) couplings from transfer functions are shown in Fig. S4 .
Generally, the result of the regression analysis with layerspecific transfer functions (Table S3 ) and outcome of the regression analysis with layer-specific functional responses (Table  S2) were quite similar. CMR O2 transfer functions derived from MUA (h CMRO2 ; Fig. S4A , Top) for the middle and lower segments were interchangeable (Fig. S4B, Top) , whereas the CBF transfer functions derived from LFP (h CBF ; Fig. S4A , Bottom) for all layers were quite similar and therefore easily swapped (Fig.  S4B, Bottom) . For each modality, the mean of the laminar regression values from all three permutations of segment comparisons (i.e., upper vs. middle, upper vs. lower, and middle vs. lower) provided an estimate of the overall predictive power of the respective transfer function (i.e., a value close to 1 indicates higher predictive power). Comparing the mean of the layer-specific regression values for all modalities illustrates that h CMRO2 and h CBF , compared with all other transfer functions, had maximum accuracy to predict MUA and LFP, respectively (Fig. S4C) .
Modeling Neural Responses with Wiener Deconvolution. We tested the proposition that h CMRO2 and h CBF had high predictability for neural responses (Fig. S4) . We used the Wiener deconvolution approach to calculate the neural responses (SI Materials and Methods). New datasets were not needed in prediction of neural signals. We used the transfer functions of BOLD, CBV, CBF, and CMR O2 (i.e., h BOLD , h CBV , h CBF , and h CMRO2 as in Fig. S3A , but only their respective averages) in conjunction with the measured laminar BOLD, CBV, CBF, and CMR O2 responses (i.e., as in Fig. 1 A-D for all segments) to predict the laminar neural responses, which were then compared with the measured laminar neural responses (i.e., as in Fig. 1 E and F for all segments) . A residual analysis was used to estimate the accuracy of the prediction. For a given modality x, a residual value (R x ) was calculated using the root mean square of the difference between predicted and measured responses for the entire duration of the dataset. Because a smaller R x value indicated better fit to the data, we used the sum of R x values across all cortical layers (ΣR x ) to reflect the predictive power of the neural responses (Table S4) .
Although the ability to calculate neural responses for middle and lower segments from the averaged transfer functions of BOLD, CBV, CBF, and CMR O2 were all quite good, the predictive power for neural responses in the upper segment from the averaged transfer functions of CBF and CMR O2 were far superior (Table S4) . In other words, the BOLD and CBV responses were highly uncoupled from neural responses predominantly in the superficial layer, whereas the overall ability to predict laminar MUA and LFP, respectively, from the averaged transfer functions for CMR O2 and CBF were far superior (Fig. 3) . Because (Fig. 1) . Relative functional responses obtained by normalized values with respect to the response from the middle layer for each modality. Transition from upper to middle to lower segments are shown by darker shades (for each respective color/modality). Statistical analysis for BOLD data showed that all layer-specific comparisons were significant (i.e., upper vs. middle P = 0.09, upper vs. lower P < 0.01, and middle vs. lower P < 0.05), whereas for CBV data only upper vs. middle was insignificant (i.e., upper vs. lower P < 0.002 and middle vs. lower P < 0.006). BOLD responses decreased from upper to middle by ∼50% and then by another ∼50% from middle to lower segments, whereas CBV responses reduced from upper/middle to lower segments by ∼60%. All layer-specific comparisons for CBF data were insignificant, but CBF responses decreased from upper/middle to lower segments by ∼10%. Statistical analysis for CMR O2 data showed that only middle vs. lower was insignificant (i.e., upper vs. middle P < 0.08 and upper vs. lower P < 0.006), quite similar to the MUA data (i.e., upper vs. middle P < 0.01 and upper vs. lower P < 0.001). From middle/lower to upper segments CMR O2 responses reduced by ∼30% and MUA responses decreased by ∼50%. Like the CBF statistical analysis, the LFP data showed that all layer-specific comparisons were insignificant, but LFP responses peaked in the middle segment by ∼20%. Table S2 and Fig. S2 give details on correlations.
comparison between measured and predicted responses of MUA and LFP across cortical laminae showed small differences when the averaged transfer functions of CMR O2 (Fig. 3A) and CBF (Fig. 3B) were used, we conclude that these respective neural activities have the strongest correlations with metabolic and hemodynamic responses, respectively. In other words, the CMR O2 and CBF transfer functions representing the entire cortical depth may be experimentally sufficient to represent MUA and LFP, respectively, across cortical laminae. This may have consequences for being able to reliably use CMR O2 and CBF for quantitative neuroimaging in humans where spatial resolution may not be sufficient to separate the cortical segments in all parts of the cerebrum (Discussion).
Discussion
Although the spatial resolution in this study was not at the level of "anatomical" cortical layers, we were able to split the cortex into three operationally distinct segments-each about 600 μm along the vertical dimension denoted upper, middle, and lower, respectively-which corresponded roughly to layers I-III, IV-V, and VI in the rat (28) . Briefly, the upper segment consists of neurons projecting to other adjacent cortical areas, the middle segment contains inputs from the thalamus and projections to the spinal cord, and the lower segment has reciprocal connections to and from deeper regions (1) . About 80% of cortical neurons are excitatory, which use glutamate as the neurotransmitter and of which larger pyramidal neurons dominate, whereas the remaining fraction is primarily the smaller inhibitory neurons that mostly use GABA as the neurotransmitter (29) . Although the total neuronal density is slightly higher in the middle segment, the fraction of GABA neurons in the upper segment is double that in middle and lower segments (28) . Densities of cerebral capillaries and cytochrome oxidase are well correlated with blood flow and glucose metabolism at rest (30) (31) (32) , all of which seem to peak in the middle/lower segments.
Laminar Responses of Imaging and Neural Signals. Neither BOLD nor CBV response patterns were coupled to either measure of neural response. However, there was strong spatial association between LFP and CBF response patterns, but this coupling was slightly different from the correspondence between MUA and CMR O2 , specifically in superficial lamina. Thus, high-resolution BOLD or CBV imaging cannot properly reflect laminar neural activity. If, however, BOLD and CBV imaging is combined with CBF mapping-as in calibrated fMRI for CMR O2 -independent use of metabolic and hemodynamic signals may provide better surrogates for laminar neuroimaging of MUA and LFP, respectively.
There are two important consequences of the findings that both LFP and CBF were uniform across cortical lamina, whereas both MUA and CMR O2 were smaller, mainly in the superficial lamina. First, the averaged laminar transfer functions of CMR O2 (derived from MUA) and CBF (derived from LFP) may predict laminar neural responses in situations where MRI spatial resolution is insufficient to separate cortical lamina. Second, neurovascular (i.e., LFP vs. CBF) and neurometabolic (i.e., MUA vs. CMR O2 ) couplings exist mainly in deeper laminae, thereby suggesting that LFP and MUA as well as CBF and CMR O2 are potentially uncoupled superficially.
Comparison with Previous Cortical Laminar Measurements. The patterns of multimodal fMRI results across cortical laminaepast experiments that were conducted at magnetic fields ranging from 4.7T to 11.7 T-are in reasonable agreement with our results (20-26, 33, 34) . The spatial distributions of MUA and LFP responses across cortical laminae are mostly in congruence with layer-specific neural measurements across various animal models (34) (35) (36) (37) (38) (39) (40) .
Regardless of the anesthetic, rat studies consistently show that the upper segment produced the strongest BOLD response, whereas the lower segment generated the weakest response (20-26, 33, 34) . Similar to the BOLD data, the drop-off in magnitude for the CBV response in the rat was greatest in the lower segment (20, (24) (25) (26) 34) . For example, similar to our CBV results at 11.7 T with α-chloralose anesthesia, Hirano et al. (26) found CBV responses to be significantly lower in deeper lamina using experimental conditions similar to ours, whereas Shen et al. (25) at 4.7 T with isoflurane anesthesia found CBV response to peak in the upper/middle segments. Recent BOLD and CBV results in primate brain agree well with the rat results (41) . Because the larger pial vessels are located mostly in the superficial lamina, BOLD and CBV responses are much greater (30, 31) in these regions.
Past laminar CBF responses are generally agreeable with our findings (20-23, 25, 26, 33, 41) . In rat brain, Shen et al. (25) observed that the CBF response is about 30% smaller in the upper segment (vs. other layers) with 20 s of forepaw stimulation, whereas Hirano et al. (26) found that the CBF response is about 50% smaller in the lower segment (vs. other layers) using very short (<2 s) forepaw stimuli. In primate brain, Goense et al. (41) found CBF response to be variable with stimulus conditions, ranging from attenuation from upper to middle to lower segments (i.e., similar to BOLD/CBV) to 40% peaking in the middle segment (vs. other layers). Differences across these studies could be due to partial volume variations, anesthetic effects on blood flow, species-specific effects, stimulus duration dissimilarity leading to variable adaptation, and/or type of ASL sequence used. In our rat study, where we used 30 s of forepaw stimulation with α-chloralose anesthesia, we found that the magnitudes of laminar CBF responses decreased by 5-10% from upper to lower segments. Because ASL requires homogenous magnetic labeling for CBF contrast (33, 42) , there is potential for experimental variations due to distribution and/or efficiency of the labeling from subject to subject. Thus, improved CBF methods are needed because CBF has slightly lower sensitivity compared with BOLD and CBV (6) .
Few studies have investigated the laminar CMR O2 patterns with calibrated fMRI, which require BOLD, CBV, and CBF measurements in the same subject. Rat autoradiographic studies, which measure changes in glucose consumption during protracted sensory stimulation, have shown either uniform metabolism across most layers (43) or slightly higher metabolism in the middle/lower segments (vs. upper segment) (44) . Of all of the multimodal fMRI studies reviewed above in the context of laminar responses, only Shen et al. (25) calculated CMR O2 to find the laminar variations to mimic exactly the layer-specific metabolic changes we report here. Furthermore given the laminar distributions of BOLD, CBV, and CBF in the Hirano et al. (26) study, which had very different stimulus durations than in our study, we Table S4 give details on predictive powers of all other transfer functions.
expect that the laminar CMR O2 variations could mirror the metabolic trends in our study. The lower CMR O2 in superficial lamina could basically reflect the reduced energy demand of smaller number of pyramidal neurons (4) whereas the high CBF in the upper layer could reflect the perfusion in penetrating arterioles (26) .
The spatial patterns of MUA and LFP responses across cortical laminae are difficult to compare because few studies tend to measure these signals together during sensory stimulation (9, 10) . Regardless of anesthetics used and across species (34) (35) (36) (37) (38) (39) (40) , the absolute magnitude of the LFP is shown to be quite equivalent across layers (34) (35) (36) , whereas the MUA seems to peak from the middle to the lower segments (34, 37, 38) . Laminar multielectrode measurements of LFP and MUA in the somatosensory areas after stimulation showed a pattern similar to that observed in our study (34, 45) . In addition, the overall MUA laminar trend in this study seems to correspond with a recent meta-analysis of sensoryevoked changes in spiking activity in various rat models (4).
Spatial Uncoupling in the Superficial Layers. Not many calibrated fMRI studies have investigated the spatial uncoupling between CMR O2 and CBF along the vertical direction of the cortex (25, 26) . However, Malonek and Grinvald (46) , using an optical and electrical combined study, were the first to point to the possibility of a spatial mismatch between CMR O2 and CBF at a certain cortical depth. In the cat they combined recordings of intrinsic signals (i.e., oxyhemoglobin and deoxyhemoglobin) with MUA during visual stimulation. The electrical data were recorded from layer IV, whereas the optical data represented an integrated average of responses from upper to middle segments. They found that the map of the evoked neural response agreed much better with the functional map of the deoxyhemoglobin signal (i.e., reflecting CMR O2 increase) than the functional map of the oxyhemoglobin signal (i.e., reflecting CBF increase). Given the much better spatial overlap between the neural and metabolic maps compared with the neural and flow maps, Malonek and Grinvald (46) coined the phrase "watering the entire garden for the sake of one thirsty flower." In agreement with this observation, autoradiographic studies of rat somatosensory activation show that blood flow response is distributed over a larger area than the glucose metabolic response, especially in the superficial layers (47) . This concept of flow-metabolism spatial uncoupling is the foundation for columnar mapping with optical imaging and fMRI (i.e., differential mapping of oxyhemoglobin and deoxyhemoglobin signals) under various behavioral conditions and across species (48) (49) (50) . However, future studies are needed to extend these types of measurements for quantitative neuroimaging.
Recent electrophysiological studies (51-53) suggest the potential for spatial uncoupling between LFP and MUA. Using electrode arrays oriented in either vertical or horizontal directions of the cerebral cortex, the results suggest that LFP spreads much farther than the MUA because of ''volume-conducted" field potentials across far distances (52), thus making LFP reflective of global activity in addition to the more localized MUAbased signal. Thus, the MUA reflects electrical activity within small domains of several hundred micrometers at most, whereas the LFP seems to mimic the MUA but in addition also captures activity across larger distances. These experimental findings are in agreement with recent biophysical studies that suggest that correlation of synaptic activity (54) and/or microscale inhomogeneity arising from different cell populations could be dominant factors for electric field propagation (55) . Thus, the point-spread functions of fMRI and LFP are comparable, but not for MUA (i.e., BOLD ≈ LFP > MUA; Materials and Methods).
A potential consequence is that the "global" measure of LFP signal would give better temporal correlation to the BOLD response than the "local" MUA. These recent observations may explain the finding by Logothetis et al. (9) , who had previously reported in the primate visual cortex that the correlation is slightly better for BOLD vs. LFP (r 2 mean of 0.52) than BOLD vs. MUA (r 2 mean of 0.45). Because high-impedance microelectrodes, as used in these types of studies, including ours, are biased toward voltage fluctuations of the larger pyramidal neurons, it is possible that the MUA signal is unable to accurately reflect the activity of the smaller nonpyramidal neurons. Because the GABAergic neuronal population is much higher in the upper segment (28) , it is likely that the laminar MUA responses may be more reflective of the variable glutamatergic neuronal population across cortical laminae [i.e., being higher in middle and lower segments (28)]. If so, then LFP is more characteristic of neural activity of both glutamatergic and GABAergic neurons across cortical laminae. However, clearly more studies are needed to confirm these suggestions. In summary, the present results challenge the notion that "conventional fMRI"-i.e., BOLD alone-can accurately reflect laminar neural activity. Instead, the results suggest that "calibrated fMRI," which is available for translational use for metabolic and hemodynamic imaging (6, 56) , may be better suited for quantitative laminar neuroimaging of spiking activity and field potential respectively.
Materials and Methods
All procedures were performed in accordance with approved protocols as previously described (10, 19, 57, 58) . Briefly, rats were anesthetized with α-chloralose and prepared for fMRI and electrophysiology studies (57) . All physiological parameters were maintained within normal limits for the entire duration of the study. Multimodal fMRI studies with electrical forepaw stimulation were conducted at 11.7 T with echo-planar imaging (EPI) using previously used contrasts for BOLD, CBV, and CBF measured in fractional changes from the resting baseline condition (18, 33, 59) . The in-plane pointspread function of an EPI voxel was 450 × 450 μm (with 2-mm slice thickness). Changes in CMR O2 were calculated by calibrated fMRI:
where S is the BOLD signal and the value of M is given by the product between echo time (TE) and R 2 ′, which is given by the absolute difference between the transverse relaxation rates with gradient echo (R 2 *) and spin echo (R 2 ) (i.e., R 2 ′ = R 2 *− R 2 ). Under well-shimmed conditions, the R 2 *and R 2 maps were measured with several TE values. Fig. S1A shows a typical R 2 ′ map, where about ±5% variation is observed across lamina. The mean cortical R 2 ′ value of 26.5 ± 3 s −1
gives an equivalent M value of 0.4 ± 0.04 with a TE of 15 ms. Nevertheless, CMR O2 changes were calculated with M ranging from 0.3 to 0.5 (10, 60) . Electrophysiological recordings from three depths of the forepaw region were made with high-impedance microelectrodes, which were combined with a LDF probe for simultaneous CBF measurements (10, 19) . Because the interoptode distance for the LDF probe was 200 μm, the effective spatial resolution of LDF was a half-ellipsoid ∼0.1-μL volume. The sensitive volumes for LFP and MUA were estimated as spheres with diameters of about 600 and 200 μm, respectively (61). MUA and LFP were extracted from the raw extracellular signal using high band-pass (300-3,000 Hz) and low-pass (<150 Hz) electronic filters (10). All other experimental details and description of data analysis (e.g., transfer function, correlations, etc.) are described in SI Materials and Methods.
